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ABSTRACT: Antifreeze proteins (AFPs) are characterized by their ability to protect organisms 
from subfreezing temperatures. They constitute a class of promising candidates as environmentally 
kinetic hydrate inhibitors (KHIs). In this study, the effectiveness of an insect cell expressed novel 
monomeric streptavidin fusion protein version of Rhagium mordax RmAFP1 antifreeze protein 
(mSA-RmAFP1), and four amino acids (histidine, lysine, tyrosine and proline), on CH4 hydrate 
nucleation, growth and decomposition was investigated using a rocking cell apparatus, then 
compared with the commercial inhibitors Polyvinylpyrrolidone (PVP) and Luvicap Bio. It was 
found that CH4 hydrate nucleation and growth exhibited good repeatable results under experimental 
conditions. The results showed that 2250 ppm mSA-RmAFP1 can inhibit CH4 hydrate nucleation as 
effectively as PVP at the same concentration. The histidine, lysine, tyrosine and proline exhibited 
weak inhibition effect on CH4 hydrate nucleation. The mSA-RmAFP1 decreased CH4 hydrate 
growth rate and production in the fresh and memory solutions. The CH4 hydrate formed in the 
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solutions containing various tested KHIs present slightly lower onset decomposition temperatures 
than the non-inhibited system under experimental conditions. The promising performance of the 
insect cell expressed mSA-RmAFP1 could promote the further development of green hydrate 
inhibitors. The production of this protein through insect cell line fermentation provides a platform 
for the future production and optimization of AFPs for hydrate inhibition.  
Keywords: Hydrate nucleation, Inhibition, Antifreeze Protein, Environment friendly 
 
1. Introduction 
Gas hydrates are ice-like crystalline compounds composed of cages formed by hydrogen-bonded 
water molecules which encapsulate suitable-sized guest molecules under high pressure and low 
temperature conditions (Sloan and Koh, 2008; Englezos, 1993). In the process of oil and gas 
production and transportation, natural gas hydrate formation raised flow assurance challenges 
because they often block pipelines and cause serious safety issues and economic loss 
(Hammerschmidt, 1934; May et al., 2014; Koh et al., 2002; Perrin et al., 2013). The conventional 
method of using thermodynamic hydrate inhibitors (THIs) has become an environmental concern, 
because most of them (such as methanol and glycols) are toxic (Koh, 2002; Kelland, 2006; 
Englezos, 1996). In addition, the economics of THIs are no longer attractive due to the huge amount 
of usage (>50 vol%), especially in deep water and high subcooling conditions. An alternative 
method is adding kinetic hydrate inhibitors (KHIs) at much lower concentrations (0.1-1.0 wt%). 
Most KHIs are synthetic polymers compounds which can delay hydrate nucleation within a certain 
time to ensure the flow safety (Cohen et al., 1998; Yang and Tohidi, 2005; Duchateau et al., 2009; 
Kelland et al., 2008). Although KHIs are effective at very low concentrations, most of them are 
restricted because of the poor biodegradability, which motivates us to search for environment 
friendly hydrate inhibitors (Villano et al., 2008). While hydrates formed in natural gas recovery 
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processes will be of type structure II, it is also of interest to investigate the inhibition of structre I 
hydrate, since the vast amount of naturally occurring hydrates are structure I. Any process where 
gas is recovered from these deposits will benefit from knowledge of the decomposition and 
inhibition behavior of these hydrates. 
Antifreeze proteins (AFPs) as a kind of biological hydrate inhibitors have been widely reported 
by many researchers in recent years (Jensen et al., 2011; Zeng et al., 2006a; Al-Adel et al., 2008; 
Perfeldt et al., 2014; Daraboina et al., 2015), they mainly exist in various organisms living in high 
latitude regions, such as plants, fish and insects (Duman and Olsen, 1993; Duman et al., 2004; 
Raymond and Devries, 1977). AFPs are a group of proteins that can protect organisms from 
freezing at subfreezing temperatures by a non-colligative process. Zeng et al. (2003) studied the 
effect of AFP from the winter flounder on the tetrahydrofuran (THF) hydrate formation, they found 
that AFP can retard THF hydrate growth and change the crystal morphology from octahedral to 
plate-like. Subsequently, Zeng et al. (2006b) further investigated the effect of AFP on the formation 
of C3H8 and CH4 hydrates. The results showed that the formation of these two hydrates can be 
significantly inhibited. In addition, they believed the AFP can eliminate the hydrate memory effect. 
Jensen et al. (2010) tested the influence of ice-structuring protein (ISP) type III HPLC12 (originally 
identified in ocean pout (Macrozoarces americanus)) and TmAFP from the meal worm (Tenebrio 
molitor) on CH4 hydrate formation. They reported that ISP type III HPLC12 decreased the growth 
rate of CH4 hydrate by 17-75% at concentrations of 0.01-0.1 wt %, TmAFP and PVP decreased the 
growth rate by 30% and 39% at concentrations of 0.004 wt % and 0.1 wt %, respectively. 
Daraboina et al. (2011a,b,c; 2013a) used multiple methods to investigate the effectiveness of two 
fish AFPs: type I AFP (3.3-4.5 kDa) and type III AFP (7 kDa) on (CH4+C2H6+C3H8) mixed 
hydrates formation and decomposition, their results showed that these proteins have distinct 
inhibition activity. Perfeldt et al. (2014) investigated the performance of AFP from the longhorn 
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beetle, Rhagium mordax (RmAFP1), on CH4 hydrate formation. They reported that RmAFP1 (2770 
ppm) can inhibit hydrate nucleation as effectively as PVP in both fresh and memory solutions 
(which are the solutions experienced hydrate formation and decomposition and have memory 
effect). Ohno et al. (2010) tested four AFPs with gas uptake and differential scanning calorimetry 
(DSC) method, including a low thermal hysteresis (TH) LpAFP-GFP (TH=0.10 °C, 41 kDa), a 
moderately active ocean pout type III AFP (TH=0.43 °C, 6.8 kDa), and a type III AFP-GFP 
(TH=0.48 °C, 32 kDa), as well as a hyperactive TmAFP (TH=3.5 °C, 8.4 kDa). It was found that the 
four AFPs can delay the induction period remarkably. Subsequently, Ohno et al. (2012) investigated 
the (CH4+C2H6+C3H8) hydrate structure in the presence of type III AFP and LpAFP-GFP with 
13C 
NMR and in situ PXRD. Their results indicated these two AFPs could affect the kinetics of cavity 
formation. 
From the above reports it can be seen that AFPs from different species have the ability to inhibit 
hydrate formation. Therefore, they have attracted the attention of many researchers. The hydrate 
nucleation phenomenon is random in most cases, repeatabl  experiments and statistical analysis are 
important to understand the performance of inhibitors. Zeng et al. (2003, 2006b) used multiple 
measurements for statistical purposes, 50 parallel experiments were conducted and 12 samples at a 
time were imaged by 1H NMR microscopy. Ohno et al. (2010) tested 12 samples at a time to obtain 
nucleation statistics with DSC method. In this work, the rocking cell apparatus with five units was 
used to test inhibitors, which can provide statistical results under the same conditions. Considering 
that the composition of natural gas is complicated, its components and phase equilibrium boundary 
will be changed in the hydrate formation. Therefore, pure CH4 was used as hydrate former in this 
study. The performance of a kind of new AFPs (mSA-RmAFP1) was investigated then compared 
with commercial inhibitors. The sequence of mSA-RmAFP1 was based on the known sequence of 
RmAFP1, which has high antifreeze activity over 8 °C (Wilkens and Ramlov, 2008). Part of the 
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novelty of this work is the testing with a protein (mSA-RmAFP1) from an insect cell line, whereas 
the RmAFP1 (Perfeldt et al., 2014) was with a bacterial fermentation. It was reported that the 
repeats of a motif rich in the threonine (TxTxTxT-motifs) make up the ice-binding site (Kristiansen 
et al., 2012). However, the threonine did not present KHI effect by itself in the work of Perfeldt et 
al. (2014). The proteins consist of polymers of amino acids. To seek the monomer with better 
performance used for synthesizing ew biological KHIs, four other amino acids were examined in 
this work. The results are expected to provide an essential research information to develop new 
environment friendly hydrate inhibitors. 
 
2. Experimental section 
2.1. Materials 
CH4 (99.995 mol%) was supplied by AGA company, Milli-Q water was used to prepare all 
solutions. PVP (MW=10 kDa) was purchased from Sigma-Aldrich. Luvicap Bio was provided by 
BASF, which is a commercial inhibitor developed base on the polymer PVCap but has a higher 
biodegradability. Histidine (purity ≥99.0%), lysine (purity ≥98.0%), tyrosine (purity ≥98.0%) and 
proline (purity ≥99.0%) were supplied from Sigma-Aldrich.  
The AFP sequence was based on the known sequence of antifreeze protein from the bark beetle 
Rhagium mordax (RmAFP1) (Kristiansen et al., 2012). To increase AFP expression levels, 
monomeric streptavidin (mSA) (Demonte et al., 2014) was genetically fused to the N-terminal of 
RmAFP1. The protein additionally encoded a BiP secretion signal to enable secretion of the mSA-
RmAFP1 into the cell supernatant. DNA encoding the fusion protein was inserted into the EcoRI-
NotI sites of the pExpres2-1 vector (ExpreS2ion Biotechnologies, Hørsholm, Denmark) and 
transfected into Drosophila melanogaster S2 cells to create stably integrated polyclonal cell pool. 
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The creation of a stable polyclonal cell line was as described by Hjerrild et al. (2016). AFP was 
purified at ExprS2ion Biotechnologies from 2 liters of supernatant. Ultrafiltration using a 
Tangential flow filtration device (TangenX) equipped with a 10 KDa MWCO filter (Pall) 
concentrated the supernatant by 15 fold and diafiltr tion (10 turn-over-volumes) using the same 
device exchanged the buffer to C tag capture buffer (50 mM TrisHCl, 150 mM NaCl2, pH 7.0).  
Following C-tag capture and washing to OD280nm baseline in the same buffer the mSA-AFP 
protein eluted in 50 mM TrisCl 2 M MgCl2 pH 7.0. Peak fractions were pooled and buffer 
exchanged into 50 mM TrisCl, 200 mM NaCl pH 7.0 by HiPrep2610 (GE) size exclusion 
chromatography. The mSA-RmAFP1 has a molecular weight of 25.66 kDa, and was stored at -80 
°C until use. The purified yield was 60 mg/L supernata t. 
 
2.2. Experimental Apparatus 
The rocking cell apparatus (RC-5) was used to test the performance of KHIs (Fig. 1). It has five 
stainless steel cells installed in a cooling bath which can be operated between -20~60 °C. The 
effective volume of each cell is 40 mL and their working pressure can be up to 200 bar. The cells 
can be rocked within the angle of -45~45°, a stainless steel ball inside each cell can roll and agitate 
the solution. The main purpose of this study is to measure the onset hydrate nucleation temperature 
by rocking the cells at constant cooling rate. The performance of KHIs can be obtained by 
comparing the onset temperature of the inhibited system with that of the non-inhibited system. The 






Fig. 1. Rocking cell apparatus used in this work. 
2.3. Experimental Procedure 
First, the cells were cleaned with acetone and distilled water then dried with air flow. Each cell 
was loaded with 10 mL solution then installed in the apparatus. To expel air from the cells and 
tubes, they were evacuated using a vacuum pump for 3 minutes. Subsequently, the cells were 
pressurized with CH4 to 95 bar and set to rock at 20 rocks/min at an angle of 40
°. The equilibrium 
temperature for CH4 hydrate in pure water system is 12.5 
°C, which was calculated by CSMGem 
model (Sloan and Koh, 2008). The temperature program was performed as follows: first cooling 
from 20.5 to 2.0 °C at 0.1 °C/min, then heating from 2.0 to 20.5 °C at 0.5 °C/min. A typical pressure-
temperature changes is shown in Fig. 2. The onset nucleation and decomposition temperatures (Ton
and Tod) can be identified on the basis of sudden changes in the pressure curves. For the statistical 
results, each inhibitor was tested 5 times under th same conditions. The detailed experimental 
procedures can be found elsewhere (Daraboina et al., 2013b,c,d). 
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Fig. 2. Typical pressure and temperature curves in one test. 
 
3. Results and discussion 
3.1. The onset nucleation temperatures of CH4 hydrate 
The performance of various chemicals was evaluated by comparing the onset hydrate nucleation 
temperatures of inhibited systems with that of non-inhibited system (Milli-Q water). The test results 
for fresh and memory solutions are summarized in Tables 1 and 2, respectively. It can be seen that 
the relative standard deviation was between 0.90~4.17 % (standard deviation 0.07~0.40 °C), which 
shows good repeatability of the tests. The number of tests was discrepant because the mSA-
RmAFP1 is available in limited quantities. For the fr sh solutions in the presence of histidine, 
lysine, tyrosine and proline, the onset nucleation emperatures of CH4 hydrate are 10.3, 10.1, 10.7 
and 10.5 °C, respectively. The results suggest that the four amino acids have weak inhibition effect. 
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Edwards et al. (1994a,b) investigated all natural amino acids in the early 1990’s, they patented 
tyrosine but dropped all work shortly after due to their very poor KHI effect. After that they moved 
on to better KHIs such as PVP, PVCap etc. From Table 1, it can be seen that 2250 ppm mSA-
RmAFP1 decreased the onset hydrate nucleation temperatur  from 11.8 to 7.8 °C, which performed 
as effectively as PVP (7.9 °C) at the same concentration. However, the advantage of mSA-RmAFP1 
is that it is a potentially environmentally friendly inhibitor, and the results are promising enough to 
suggest further research is worthwhile. 850 ppm mSA-RmAFP1 (9.2 °C) showed poorer inhibition 
activity than PVP (8.9 °C) but better than Luvicap Bio (9.6 °C), the reason might be that the mSA-
RmAFP1 at a concentration of 850 ppm is too low to efficiently inhibit CH4 hydrate nucleation. The 
average onset hydrate nucleation temperatures for fresh solution are as follows: 1, 2250 ppm: mSA-
RmAFP1 (7.8 °C) < PVP (7.9 °C) < Luvicap Bio (8.4 °C) < lysine (10.1 °C) < histidine (10.3 °C) < 
proline (10.5 °C) < tyrosine (10.7 °C) < Milli-Q water (11.8 °C); 2, 850 ppm: PVP (8.7 °C) < mSA-
RmAFP1 (9.2 °C) < Luvicap Bio (9.5 °C) < Milli-Q water (11.8 °C). The memory solutions (Table 
2) are investigated to test the influence of various KHIs on the hydrate memory effect (Buchanan et 
al., 2005). The onset formation temperatures for fresh and memory solution are shown in Figs. 3 
and 4, respectively. Given the standard deviations bserved and only one test in the fresh mSA-
RmAFP1 solution was conducted, it cannot be concluded that the mSA-RmAFP1 memory solutions 
gave higher onset hydrate nucleation values or the mSA-RmAFP1 eliminated the memory effect. To 
further investigate the influence of mSA-RmAFP1 on the memory effect, the induction time 
measurement under isothermal conditions would be conducted in the future. With respect to the 
inhibition mechanism of AFP, it is still unclear how it controls the hydrate nucleation rate. Zeng et 
al. (2006b) proposed that AFPs can adsorb on the hydrophilic surface to form arigid film, which 
affects the hydrate nucleation and growth. They believ d this ability distinguishes AFPs from 
synthetic KHIs (such as PVP and PVCap). Bagherzadeh et al. (2015) studied the inhibition 
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mechanism of the wf-AFP (a kind of AFPs originated from winter flounder) with molecular 
dynamics (MD) simulations. It was found that wf-AFP can adhere to the specific plane of CH4 
hydrate, then cover the hydrate surface and increase mass transfer resistance of CH4 and H2O 
molecules. They believed that the pendant methyl groups in AFPs play a key role in the inhibition 
hydrate nucleation. Yagasaki et al. (2018, 2015) found that PVCap can adsorb on various 
crystallographic planes of sI and sII hydrate by MD simulations. They thought the hydrophobic 
groups of a polymer are more helpful to their adsorpti n to the hydrate cage structure than the 
isolated monomer. If so, the performance of KHIs would depend on the degree of polymerization to 
some extent. Haymet et al. (1999) reported that the hydrophobic methyl group in threonine 
significantly contribute to the antifreeze activity of AFPs. The molecular weight of mSA-RmAFP1 
and PVP in this study are 25.66 and 10 kDa, respectively. In addition, the molecular weight of 
RmAFP1 used in our previously work was 13.9 kDa (Perfeldt et al., 2014). Based on our current 
research, it’s hard to establish the similar sized molecular entities acting on the hydrate. However, 
these findings might provide some insights in seeking more effective biological KHIs. 
 
Table 1. Test results for the fresh solutions. 
Fresh solution Number of tests Concentration (ppm) Ton (
°C) SD (°C) RSD (%) 
Milli-Q 5 - 11.8 0.39 3.31 
histidine 5 2250 10.3 0.37 3.59 
lysine 5 2250 10.1 0.35 3.47 
tyrosine 5 2250 10.7 0.23 2.15 
proline 5 2250 10.5 0.40 3.81 
mSA-RmAFP1 1 850 9.2 - - 
 1 2250 7.8 - - 
PVP 15 850 8.7 0.27 3.10 
 15 2250 7.9 0.26 3.29 
Luvicap Bio 15 850 9.5 0.31 3.26 
 15 2250 8.4 0.35 4.17 
*Ton is the onset nucleation temperature, SD is standard eviation, RSD is the relative standard deviation. 
 
Table 2. Test results for the memory solutions. 
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Memory solution Number of tests Concentration (ppm) Ton (
°C) SD (°C) RSD (%) 
Milli-Q 5 - 11.9 0.33 2.77 
histidine 5 2250 10.4 0.38 3.65 
lysine 5 2250 10.3 0.31 3.01 
tyrosine 5 2250 10.8 0.27 2.50 
proline 5 2250 10.6 0.36 3.40 
mSA-RmAFP1 5 850 9.3 0.23 2.47 
 5 2250 7.9 0.07 0.90 
PVP 15 850 8.9 0.27 3.03 
 15 2250 8.0 0.28 3.50 
Luvicap Bio 15 850 9.6 0.38 3.96 
 15 2250 8.6 0.29 3.37 
*Ton is the onset nucleation temperature, SD is standard eviation, RSD is the relative standard deviation. 
    













Fig. 3. The onset nucleation temperatures for the fresh and memory solutions containing 2250 ppm 
inhibitors (error bars represent standard deviations). 
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Fig. 4. The onset nucleation temperatures for the fresh and memory solutions containing 850 ppm 
inhibitors (error bars represent standard deviations). 
 
3.2. CH4 hydrate crystal growth 
Al-Adel et al. (2008) performed kinetic experiments on (CH4+H2O) system in the presence of 
Type-I AFP, they believed that AFPs can act as hydrate inhibitor or promoter, mainly depending on 
the temperature and pressure conditions. In this work, CH4 hydrate crystal growth curves for the 
mSA-RmAFP1 fresh and memory solutions are investigated nd shown in Fig. 5. It can be seen that 
the pressure changes have the same trend, which indicates the hydrate crystal growth process can 
also be repeated in the rocking cells but not the onset nucleation temperature. It should be noted that 
the repeatability is dependent on the subcooling being the same at the onset of hydrate formation. In 
addition, it was found that CH4 hydrate growth rate and production in the mSA-RmAFP1 solutions 
are significantly different from the non-inhibited system. In order to compare the hydrate growth for 
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different systems, pressure changes starting from the onset nucleation temperature are normalized 
and shown in Figs. 6 and 7, respectively. The pressu  drops are indicative of hydrate production, 
and the hydrate growth rate can be identified by the slope of pressure changes. For the fresh 
solutions (Fig. 6), the mSA-RmAFP1 system showed the lowest hydrate production (pressure drop 
of 6.74%), which is lower than the non-inhibited system (8.18%). The two highest pressure drops 
are observed in PVP (12.72%) and histidine (13.56%) solutions. The reason might be that PVP and 
histidine increased the reaction area of hydrate nucleation, which leads to more CH4 molecules can 
be captured by hydrogen-bonded water molecules. In addition, the two solutions present faster 
crystal growth rate, which indicates that PVP and histidine promoted hydrate growth although they 
can delay nucleation. Some researchers reported that once hydrates are formed in the presence of 
inhibitors, the hydrate growth can be promoted compared to a non-inhibited system (Daraboina et 
al., 2013b; Lederhos et al., 1996). The tyrosine and proline fresh solutions showed similar growth 
rate and hydrate production (8.30% and 8.13%, respectively). For the memory solutions (Fig. 7), 
Milli-Q water present the highest pressure drop (14.3 %), the reason might be the memory effect 
promoted CH4 hydrate grow. The mSA-RmAFP1 and Luvicap Bio showed a lower hydrate growth 
rate and their pressure drops are 6.96% and 7.30%, respectively. By analyzing the results, it can be 
seen that the mSA-RmAFP1 decreased CH4 growth rate and production in the fresh and memory 
solutions. Perfeldt et al. (2014) observed that the RmAFP1 changes from CH4 hydrate growth 
promoter in the fresh solution to inhibitor in the memory solution. However, mSA-RmAFP1 did not 
exhibit this change in our test. Histidine, tyrosine and lysine present similar growth rate and 
pressure drops (12.78%, 12.75% and 13.49%, respectively). Fig. 8 shows the hydrate growth curves 
for the memory solutions in the presence of mSA-RmAFP1 and PVP at different concentrations. It 
can be seen that the hydrate growth rate and pressure drop of 850 ppm mSA-RmAFP1 is higher 
than 2250 ppm. The reason might be a higher concentration mSA-RmAFP1 could more effectively 
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prevent CH4 hydrate growth. However, it was found that the hydrate growth rate and pressure drop 
of 2250 ppm PVP was higher than 850 ppm. This indicated a higher concentration PVP can 
promote CH4 hydrate growth. As reported by Kumar et al. (2008), more (CH4+C3H8) hydrates 
formed in the presence of 1.0 wt % PVP than low concentrations (0.1-0.5 wt %).  
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Fig. 5. Hydrate growth curves for the fresh and memory solutions containing 2250 ppm mSA-RmAFP1. 
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Fig. 6. Normalized hydrate growth curves for the fresh soluti ns containing 2250 ppm inhibitors. 
 



































Fig. 7. Normalized hydrate growth curves for the memory soluti ns containing 2250 ppm inhibitors. 
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Fig. 8. Normalized hydrate growth curves for the mSA-RmAFP1 and PVP memory solutions. 
 
3.3. CH4 hydrate decomposition 
Hydrate formation is unavoidable in industry even in the case of existing various KHIs. 
Therefore, it is very important to understand the hydrate decomposition kinetics and predict 
decomposition rates. In this study, CH4 hydrate decomposition was tested to investigate if KHIs 
have impact on hydrate melting. The onset decomposition temperatures of CH4 hydrate in the fresh 
and memory solutions are shown in Figs. 9 and 10, respectively. The average onset hydrate 
decomposition temperatures for the fresh solutions f llow the trend: 1, 2250 ppm: mSA-RmAFP1 
(11.2 °C) < PVP (11.4 °C) < histidine (11.5 °C) < Luvicap Bio (11.6 °C) < lysine (11.7 °C) < proline 
(11.8 °C) = tyrosine (11.8 °C) < Milli-Q water (12.0 °C); 2, 850 ppm: mSA-RmAFP1 (11.4 °C) < 
Luvicap Bio (11.5 °C) < PVP (11.6 °C) < Milli-Q water (12.0 °C). It can be seen that the onset 
hydrate decomposition temperatures for the solutions containing various KHIs occurred slightly 
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lower than the non-inhibited system. The hydrate decomposition recalcintrance was not observed 
under experimental conditions. Some researchers reported the KHIs can delay hydrate 
decomposition in their studies (Sharifi et al., 2014; Sharifi et al., 2016; Gulbrandsen and Svartås, 
2017a,b). Sharifi et al. (2014) investigated the decomposition of natural gas hydrate (CH4 93 
mol%+C2H6 5 mol%+C3H8 2 mol%) in the presence of PVP (3.5 kDa) or PVCap (23.3 kDa) with 
stirred vessels and DSC apparatus. Their results showed that the KHIs increased hydrate 
decomposition temperature and prolong complete decomposition time. They believed that both sI 
and sII hydrtate formed in the presence of PVP and PVCap, then proposed a two-step 
decomposition mechanism. Subsequently, Sharifi et al. (2016) tested the impact of three KHIs 
(PVCap, AFP III and Luvicap Bio) on C3H8 hydrate decomposition with DSC apparatus. They 
found these KHIs has recalcitrance property for hydrate decomposition, and believed this property 
was not caused by the hydrate composition. Gulbrandse  and Svartås. (2017a,b) reported this 
unusual phenomenon on CH4 hydrate decomposition in the PVCap system in their recently studies. 
They observed that the concentration of PVCap and heating rate can affect the decomposition 
temperature. The hydrate decomposition behavior in the presence of KHIs was complicated, and it 
involves the types and concentrations of KHIs, heating rate, subcooling, dynamic or quiescent 
experimental conditions, etc. The comprehensive and systematic investigation need to be conducted 
before the KHIs application in the field. 
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Fig. 9. The onset decomposition temperatures for the fresh and memory solutions containing 2250 ppm 
inhibitors (error bars represent standard deviations). 











Fig. 10. The onset decomposition temperatures for the fresh and memory solutions containing 850 ppm 
inhibitors (error bars represent standard deviations). 
 
In order to compare the hydrate decomposition for different systems, pressure curves starting 
from the onset decomposition temperature are normalized. For the fresh solutions (Fig. 11), the 
Milli-Q water present the highest hydrate decompositi n rate in the first 10 min. The histidine and 
PVP systems showed longer complete decomposition time, the reason might be more hydrate 
formed in their solutions which need longer time to decompose. These observations are reasonable 
as it has been previously confirmed that hydrate samples prepared in the presence of inhibitors can 
increase the hydrate complete decomposition time (Lee and Englezos, 2006; Bruusgaard et al., 
2009). In addition, the proline, tyrosine and mSA-RmAFP1 systems have low decomposition rate 
and short complete decomposition time. For the memory s lutions (Fig. 12), the Luvicap Bio 
system showed the lowest hydrate decomposition rate, and the PVP system still present the longest 
complete decomposition time. From these results, it can be seen that CH4 hydrate formed by each 
solution can decompose completely within 40 min. However, the hydrate decomposition curves are 
different depending on the type of inhibitors. Fig. 13 shows the normalized hydrate decomposition 
curves for mSA-RmAFP1 and PVP at different concentrations. It was found that the PVP 
concentration essentially have not effect on the decomposition rate. However, the pressure rise of 
2250 ppm PVP was higher than that of 850 ppm PVP, which indicated more CH4 are released from 
the 2250 ppm PVP system. The 850 ppm mSA-RmAFP1 memory solution present a higher hydrate 
decomposition rate and pressure rise compared with 2250 ppm solution. We speculated that the 
decomposition rate might be connected with hydrate production, the system with more amount of 
hydrate may have a higher decomposition rate. 
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Fig. 11. Normalized hydrate dissociation curves for the fresh solutions containing 2250 ppm inhibitors. 


































   
Fig. 12. Normalized hydrate dissociation curves for the memory solutions containing 2250 ppm inhibitors. 
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Fig. 13. Normalized hydrate decomposition curves for mSA-RmAFP1 and PVP memory solutions.   
 
3.4. The stability of mSA-RmAFP1 
In order to investigate the stability of mSA-RmAFP1 solution, the onset hydrate nucleation and 
decomposition temperatures (Ton and Tod) for 2250 ppm mSA-RmAFP1 memory solutions were 
tested after several days. The results are shown in Fig. 14, the data at day zero is obtained from the 
first test using the fresh solution, then the mSA-RmAFP1 memory solution was kept at 4 °C for one 
or two weeks before further tests. It can be seen that the onset nucleation temperatures increased 
from 7.8 to 7.9 and 8.0 °C after 7 and 14 days, respectively. In addition, the onset decomposition 
temperatures increased from 11.2 to 11.3 and 11.3 °C after 7 and 14 days, respectively. The reason 
of these tiny changes in our results might be the memory effect of solutions. In previous study, 
Perfeldt et al. (2014) tested the stability of RmAFP1 in the memory solutions, they reported the 
onset nucleation temperatures increased from 8.6 to 9.3 and 9.9 °C after 7 and 14 days, respectively. 
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These results confirmed that the mSA-RmAFP1 has better s ability than RmAFP1. The mSA-
RmAFP1 is a known hyperactive AFP which was produce in a novel way by an insect cell line, 
whereas RmAFP1 was with a bacterial fermentation. The results are encouraging enough to pursue 
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Fig. 14. Onset nucleation and decomposition temperatures fo the fresh and memory solutions containing 
2250 ppm mSA-RmAFP1. 
 
4. Conclusion 
The effectiveness of a new antifreeze protein (mSA-RmAFP1) on CH4 hydrate nucleation, 
growth and decomposition was investigated using the rocking cells apparatus, then compared with 
the synthetic inhibitors (PVP and Luvicap Bio) as well as the amino acids (histidine, lysine, tyrosine 
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and proline). CH4 hydrate nucleation and growth exhibit good repeatable results under experimental 
conditions. The results showed that 2250 ppm mSA-RmAFP1 decreased the onset hydrate 
nucleation temperature from 11.8 to 7.8 °C, which was as effectively as PVP (7.9 °C) at the same 
concentration. Both the inhibition performance and stability of mSA-RmAFP1 are better than 
RmAFP1, which has been reported in our previously work. The amino acids (histidine, lysine, 
tyrosine and proline) present weak inhibition effect on CH4 hydrate nucleation. The mSA-RmAFP1 
decreased CH4 hydrate growth rate and production in the fresh and memory solutions. The onset 
hydrate decomposition temperatures occurred slightly lower in the presence of the tested KHIs 
compared to the non-inhibited system under experimental conditions. The hydrate decomposition 
curves are different depending on the type of inhibitors. The promising performance of mSA-
RmAFP1 suggests that it can be used as a kind of new gr en hydrate inhibitors. In any case AFPs 
are worth studying because their mechanism is clearly not the same as synthetic KHIs: As discussed 
in Sharifi et al. (2014), synthetic KHI’s actually stabilize hydrates once formed whereas AFPs do 
not, making decomposition easier for AFP-containing hydrates. Furthermore, the successful 
production of AFPs through an insect cell line fermntation can help provide the basis for future 
production and optimization of these proteins for hydrate inhibition. In terms of environmental 
impact we can say the following: Proteins are not inherently “benign” (think spider and snake 
venom). However, while venom may be poisonous if injected into the blood stream, they are most 
certainly broken down in nature should they happen to be spilled somewhere outside the animals. 
Concerning toxicity, tolerance level, inadvertent nutrition enrichment or over-enrichment of 
surrounding environment and half-life of the rate of bio-degradation, we can say that antifreeze 
proteins in general are considered non-toxic, we all h ve eaten fish which contain antifreeze 
proteins and the beetles in which Rm-AFP1 are found are not considered poisonous in any way, 
where they are consumed by a variety of birds. AFPs let out directly may contain a potentially 
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significant amount of nitrogen, although nothing compared to what farmers burden the environment 
with, when fertilizing with various kinds of nitrogen-based fertilizers. In the laboratory AFPs do not 
last long if not frozen. Of course before any field applications are approved, they will still have to 
be subjected to the same tests as any other producti n chemicals (such as toxicity, tolerance level). 
Since proteins biodegrade into amino acids, effects such as inadvertent nutrition enrichment or 
over-enrichment of surrounding environment or bio-degradation are not expected for the amounts of 
protein needed as hydrate inhibitor – the sea is after all full of proteins and their degradation 
products.  
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• Hyperactive antifreeze protein synthesized by genetically modified insect cells 
• The antifreeze protein was tested for sI hydrate inhibition in a rocking cell rig 
• The protein was found to successfully inhibit hydrate formation 
• Amino acids did not show efficacy for hydrate inhibtion 
 
